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Abstract

Two-dimensional semiconducto materials are an emerging class of new materials with a wide
range of electrical properties and potential practical applications. In this thesis, the high-quality and
large-area monolayer MoS:; single crystal samples are directly synthesized on SiO/Si substrates
with chemical vapor deposition method while S and MoO3; powders were used as raw materials.
the surface morphology, crystal microstructure, composition, thickness and photoelectric charac-
teristics of the different MoS; samples were analyzed by using XRD, OM, EDS, TEM, AFM and the
semiconductor photoelectric characteristics analysis equipment, respectively. It is exhibited that
the synthesized triangular monolayer and few layer MoS: crystal samples are highly crystalline in
hexagonal phases with the clear boundary, smooth surface and better light transmittance. and its
maximum size of MoS; crystal samples can reach 250 pm. The sulfurization mechanism in the MoS;
growth process is in accordance with the VLS growth mechanism. And the results showed the reac-
tion temperature mass and ratio of S/Mo0Q; powder in the reactants are the main factors affecting
the growth type and micro structure of the MoS, samples in different preparing conditions. The
research showed that the optimum S/MoO3; mass ratio for the fabrication of monolayer MoS; single
crystal is 1000/30, and the optimum deposition temperature is 900°C. Meanwhile, we demonstrate
ultrasensitive monolayer MoS; photoelectric devices with the synthesized monolayer MoS; crystal
samples. And it appeared better photoelectric response characteristics.
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1. 5|8

MoS, /& LR ) IR U 4 8 WU e SRR RL, B B B E R Z0IRE ), HA5 M) S-Mo-S &
JEEE I Y FUR W E S A R, EIEELAIN 6.5 A IR, ROEE AL A AR A E, T
TEAK HL TSR BT 24 S U 21V S, 3SR B S 0 S0 38 (0 V2 Q3 1] [2] [3]. BFFE R,
SZ BT BRI, BRI 2 )2 1 MoS, 72 (R B SAp kL, W FBRZ08 1.2 eV T HZ 1 MoS,
HUE BB AR, HATEAS N 1.9 eV [4] [5]. HEWRY-SRER TIRE AT EF 725, Ik
ERCRE . A B2 MoS, Bz B 1 B8 5 ot L S T ] WG IXKH,  3iAdi 31 2 Mo, - S M BHE
JCHEAL JEHLAR AT AR FEIL T RAF IS I AT (6] [7]0 PRI, TR 4ERJE K /DR MoS, # &4 dh (1
FXTHIEFE MoS, - SRS R A KA FEMA R 2 il 86 71k S AE AR L2 A b () B FH 4R LA BB M

FIHATALE, MoS, S EHA M & AR EEA BRI :, MAE EZ A KRG B 7
PIE B A SARDURN(C VD)% . SHHRIL, RA CVD J5vk, @A - i - B(VLS) A KA L o 34
BRI BSOS FE, PRI R R 4R S MoS, BT, PRSI S R AR K S P
A, ARG RHEA —4E/D 2 MoS, IESEHRL. [, R CVD ikl & 4k MoS, # kHE HA
JEEA SRR, kiR, eSS, S E S E TR . R A TR, IR
e R ZE K R i 2R T E RS SRR JE B AN Wulff 5F49[8], CVD J7 kil £ i) — 4k 82 K /b 2 MoS, FE S ITE
REZR =ML, (HANBSEINOE. AT RAN TR, CVD LTI A Kt B Mo/S 1
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EUAEXT P P iR TR R 7 RBEEAE . ISEIR SR RIS B 257, RZHOCEX BT Mo/S 1
FUAE AT 520 MoS, A it R BT« FEDRAT A 24, i fE A IR P A 22 /D 2 1) L WE T3 AN 78 20
g, JF R CVD AR RN Mo/S BILLAE, AR #R B S A RUR L, el SRAG KT AR A =
o 1) A 2 B/ R MoS, BE R IR AT, 6 4 MoS, B i 1 BRI B 2344 A0 b O i 5 R #R
A EEME9]-

N THREIMHA CVD VAR RS R S5395) . A aidr) —4E 2 MoS, b, ASCHH CVD
% ERGEMR IR SiOy/Si 27 Bl 1 RN —4E 5L R MoS, Mk, #RIT 1A KR AR
R Mo/S UL L EE R D FRFIE I RE I, KRB T el 46 240, 1R SO A 2R P 2 AR IR Y
(PMMA)BEHIBEOAR, & 7 24 HJE MoS, - FHe B F, I HOe R AT Il A 8
SR FLEE RXR A CVD JHEAAK i BRI HLR 2 MoS, - AR B -l v 85 1 s AT
HEESHNE.
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Figure 1. (a) Schematically illustrates of three-temperature zone tube furnace in CVD method; (b) Curve of temperature and
deposition time of MoO; and S powders as the reactants

1. (a) CVD S£8I%& 4 MoS, B R mREE; (b) K MoO; 5 S MARiEE SRRAER X FR ik

KR SAHTRE(CVD)E, 7300 BL MoOs BiR(461E 99.99%, His#idt I BHCH R A7) S
H(AERE 99.999%, HiEHiA AL BHECE R A T AME, LA(111)Si (20 mm x 10 mm) AR, Ar SN
o AEH A IERHE A F] 1200°C = XK Pl £ 7 45 MoS, B an i it SEga, B, K (111)Si
AEHTHELL 1 h, 2 RETER—Z2 100 nm [ Si0, MR E, #UE&MH. BjE, TR PFRIUR
FREE R S 5 MoOs K, il IAE AN AR A SE S, s 1a fios . KakA S B oe sy
BT 1200 mm KA IEE NEIL Ar SRR DR RREX, 10K MoO, Bk & T8 R A 9L 1
DX, I Si0y/Si 2 HH 0.5 M 1) NaOH /K¥EHIRE 3 min, PASLFETHIEXT CVD Ui iR i,
FIF 52 MoS, IR K BRI T 5 (1 Si0,/Si 5 (811 7E B MoOs B oK 1A B A4 IE 77, {2 5 MoO;
RS 6 mm KRR . EB A S PR A B BNE L, i@ R E N 100 ml/min (728 Ar <, @
In#e HY S P A ANLRESEHES. 20 min 5, 83 THRFR T, KA JEETE 30 min P IZHT R 2 AT R iR
FE, FEAN FGIHR AN i X R FE AN A S/IMoO; Jli & L2444, EATRE S 4%, A1 15 mine & 1b 45 H
THRERET, AwEET S 5 MoO; ¥R A B ik 5 FHRR R oS R/ Ml 2k PIAERUE, KRl
PR, FRELEAN Ar S, I AARIRE SRR, RERE Ar R, FTTFASE S LS, BURFES.
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Table 1. Preparation parameters of group a samples
= L a HERINEIEESH

S R \"'\'~\,,,\,,,\77\%\%\% a a a3
S ¥ i i (mg) 500 1000 1500

MoO; Jii £ (mg) 30 30 30

S ¥rHIREE(CC) 120 120 120
MoO; i F£(°C) 900 900 900

Table 2. Preparation parameters of group b samples

% 2.0 ERRHIE S Y
I AN

e b by bs by
S ¥ 5 & (mg) 1000 1000 1000 1000
MoO; Jfi f(mg) 30 60 100 150

S B i £ (°C) 120 120 120 120
MoO; i JZ(°C) 900 900 900 900

Table 3. Preparation parameters of group ¢ samples
3. c HEFmIHIESH

S R \"'\'~\,,,\,,,\77\%\%\% Ci C C3
S ¥ i & (mg) 1000 1000 1000

MoO; Jii F(mg) 30 30 30

S BrRECC) 120 120 120

MoOs 7 (°C) 880 900 920

R B 4 LZ MoS, HL b RE Al B S/MoOs i E L, 4 K& SCHRIARFAI 4 [6] [7] [10], &
ATERIRIX S M oRIEE WE N 120°C, mili X MoOs By R W E N 900°C, Ar SyiE A 100 ml/min %%
PR, LR 1R 2 K 23 TEARTH S 1 MoOs M K IR LL 44 R, il %% T 4 512 MoS, £ i
[FIRF, 7E4RBNE 1 A 2 hitES B ALt b, ARBIREERKEESH, %BE 3 38, MR TAH
MoO; S JW i FE XoF il 5 MoS, B i R T2 55 RIRE 14 (1) 2

H X AT HTAU(XRD, Empyrean) 7 #7 1FF i (A S a4k s FH BUMK T2 37451 B ' 27 S8 Bt
(OM, IXTV)MERL T FE S A KA PE S R TS &S T WA (TEM, HARH-F, 2100F) 74T 7
(1 e 4 445 ) R FE L A 1) BB RS A(EDS) 2 B 0t 1A% il I G 3 ity s FL R 1 71 2 U8 (AFM, 2218 Bruker,
MultiMode8) Ml iR T £ K1) MoS, L& AE f IR s 35 I F-42008C 2 5 s M DUl 0k 7 R
PMMA FiERIRFIES G, #FE] ALO; 41K Eiil #5152 MoS, Y AR AR R

3. FER5WiL
3.1. HIFEFHI MoS, £ KT AIRNT

2a Y 1~6 B 2 Y 1 4% 1 =AU RIDTAR SR A i 2 1R 4 MoS, i i) 6“7 St B B (OM) LY
1w ags ap Al ay HEEEASRE SR BN B [FIAT 20 A0 1 2 Sk ZUIR e, 5] 20 MR T R gE Y ORI SRAR Y S
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M. WA, A ZHIE K MoS, i R # 2L 1AL = MIBAH, KA1t pm BJLE pm. =
FTEA MoS, FghiA FHE T, REDEH, A EiEttk. B9 FZ MoS, Fidh, SEE Y S KAl
MoO; ¥ A S AR A B, H SIS EAXCA 15 min, 14 1RG5 10 =M TR S5 A H=R B M 5 S21, (HBE
& SR, LR =HTE MoS, @b A B RS B KRB LE pm, Hoh— e = giiie Bl 1
HE. BAEIE, HBUEEE N, SRR MoS, & 7 JEFERAERT N, 6] % —4E 52 MoS,
LR AR DI, DS H R MoS, #idh, RN EA TR, JURRRMEA K.
Kl 2a H I a; B o, BEE S BB (3 RN, IO AR RS S BT IS 2K ITAS MoOs
JE T HRERBEAT B S8, P BUE A AR T E 2 AR, TIRBAERKEGESERIE R, &R
M A AL E B, TR H ) Mo, B i RO IZ# ) » AR 41 48 K RST K Mo, H SR i o
PRI, % B L OKTHIAR S e B A MoS, FE R IR SRR 1 HI a0 XTELIE] 2 w1 2y A1 225 B AL,
TANEL =S TEAHI T MoS, B U hL A — NMEUINE = S iz hote s RST2909 L+ nm 214
um, = AR RAZ O =R EIER AR I B =ATEH MoS, # =124, H] MoS, =fM4it
sty PR A AL KB A A Do AN R e ORI 2R, 7545 VLS A KMLfI[10] [11].

500 mg

100 tm ; o Y ‘,‘“ Z(TTun

1000 mg

1500 mg

Figure 2. OM images of the different MoS, single crystal samples by CVD method (a) OM images at different S powder
qualities; (b) OM images at different MoO; powder qualities; (c) OM images at different reactive temperatures

[ 2. CVD SEHI&H MoS, # R (a) NE S #MAKRER OM BF; (b) TR MoO; MKRER OM BE; (o) FE
RMEETH OM BH

P 2b ) 1~8 B4 H T R 2 S5 & IO DU ] 4k MoS, FEdh ) OM [, seib ek, fRFF
S B EAA, M4 MoO; i &, [ 2b AL T AR T MoO; By I E. WA H, BEE
MoO; T & 3 I, £ A SRS F Bl 2 A8 4k . by RS R R, 76 S By R ANVE I IR, 24 MoO;
JiEN 30 mg B, AER MoS, H A BRI =ML, RIJal, GFEm, By, HAKH
1) = AT A5 R B K B RS ATk 250 pms 4 MoOs JlE IS 1A 60 mg BF, by #E IR BoR, 2R — £
TEH MoS, B i RSN, G E i A 22, A I 24 MoO; it &3 % 100 mg I, by #E4h
BB R, BRI MoS, di H 2 N RSF L] 100 um FIANFTE, D&M, RIEEH: 124 MoO,
MR R INE] 150 mg B, M by FERIR AT E 2, AR EEE =AM AE, ©F WK MZil
TERId . HAR AR RS E— D0, A E A i, SR A BT in . X Se A s i) oL #AT
TE—NRNE A= AT AR K.

LI MoS, 5 =Rl b R S5 HIZR A, 30 2H (= M) 3R (NI AT 1T O\ H4[12] [13].
1E 2H-MoS, £t 1, @ i —A Mo JE 4% b FITHAA S EFRE, RSN, AR R
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Fo Mo JEFEMRIEMZ S JEF M, JEmR—ZFML “=8107 2z, fHL0ZREE 0.65 nm,
AR IR N =M, SRR R 5E . 3R-MoS, 4544 it B AT 3518, 2H-MoS, M =Mt (HHE
HERIUNZZES BN S-Mo-S F T2, BAARNTRLN, & TR R, W& TR — B 7S
.o 1fi 1H-MoS, £S5 2H MAE, S J&FFRALE BB\ ARECAL 251, J& T IE 7 di ik R X =F
mRgE R, HA 2H-MoS, HAA BT AL i Et:, nfEER G FREMFE. 1M 1T-MoS, Ml
3R-MoS, ftii#lE T WAads, E—ERNNFFRMT, 5T ARER 2H-MoS,.

WAV A, 5 2 d by FERHIE, KRR S/MoO; i &t i, 2B Kt Fe sz s S ke,
X MoO; 8 K 5 TE I A7 MoOs 5 S 5T AT BT B 78 00 BIBRAL S BE, 78 AR KA 1
T, RAER FEER T RREN S AR ZED E T MoS, Hih. MREE by £ 5 R B MoO; i &
MIHER, RS ZE ) MoOs_y 7S BRI ZE R BL4R T 200G BB 3G K, e i BB 2 1AK% .
KEAKEERERFEKNLSER, RS EKBR=MAE MoS, i RF2/N, JEEMA, Bz,
B by £ MoO; JlUE 4R S K, VLS A K Hp 28 R 1) MoOs_ S AS BRI E4h 5 58 K, J5 1 3R T 1 MoOs_
AL RS ARG AT Sy, BRI T /S A TR 3R-MoS, fi 458405 1 24 by B 5 HH I MoO; it A 3
150 mg i, &MBH S Byl FRE, VLS KRR EINAT S, SEAER TS
= HIBFNHIER MoS, éshv, AWM ETRIRIIE] MoO, 1 MoOs-, &i . B, EHE H Y
S/MoO; Jii 5 X il £ K RS R HLJZE Mo, B f A JE 5 H 22

2¢ I 1~6 B4R T 4 3 Hp = S AR A [R](S: 1000 mg, MoOs: 30 mg), AN [F] MoO; v il
FE A N i £ 1) 4 MoS, AL 622 BB (OM) IR A, B 2¢ IR 223045 H T R A] 1) MoO, [ N 5 4
K. ME 2 ) o BERIB A TTE 1, 24 MoOs iz X 1 R SR E  880°CHY, YIAA A MoS, H. i #8
B =M, RTZ080+ pm £ 200 pm, 0 FEEESRTEW,  (H D S SN A B, SR Ak N A
FHXT RS, FEEEF 5ARYIRNE RS T —Z8E 60 S b BRIk, U R A2 CVD Ui i3
FIRE s o FEMIRA BoR, IR 900°CH, JIAAEK Y MoS, ¥l 2L 7 =M 4sM, R
FEIEAG, D I S B FARMUR, 14 FEMT, BRI, ERRRSTAIA 250 pms o BT ROR, Y
RIIREN 920°CH, R N BT, RN R IERIEEIRT:, B BB T KERAKE, HE
RFEG KR, FEUE A = A TEI MoS, &t F I RSE EE 900 C B ks, RSF 2528 1A pm B L+ pm,
H A K EABAEAE— Pk 28 R I RN S HFERT MoOs Bk, R, EEw, thas kMl
SRR Z ) ks AR AR, AR I R I T A AN AR AR IR R B, AT, 3K
FRIE L HZ MoS, b I s H & SHUE R 1 P a FERSEL

N TR AR FE DU S EC T 61l 4% B S A A R R 2R A, AT AN R AR S AT 7 XRD AT 407
B 3 A H T = ARFHEERMEAE T HI4 I MoS, FEA I XRD . & 3a N7 1| &M FHIE = AAFRE
dn ) XRD AT 0%, 33 B A A [R] Satn B AT S IR HEAT T AR 5E » AT H, = ANASRIRE b 1) fo SR AT 59 W T or
T 28.5°4b, Xt Si(111)FEF AT . [FIF, 1% B0 RATHIEALEA T 20 = 32.4°F1 58.7°, 43 70 B
INFTE L R MoS, [I(100)F1(110) & 1 (JCPDS: 37-1492) . %F Eb 04 & B, 1 R T MoS, S AT 5t i,
EHEL T AT 26.2° 4059 MoO, (01 1) &4 T HIATSMIE . T2 1 H i a, BESL, 2o MoO,(01 1) & T AT 5
VR E B 55, MoS, FIFFE IR E . JATAHTIH, £ CVD WBEREF, B MoO; My R AR kAL
% MoO, 8L MoOs_, SR, TEAEKMERT, 5581 S RTINS, FHi&#i £ K H Mos,
mfRe UGG, A= MATEH MoS, AL A — A — & JRUE RN AEKE, ez s
2 MoO, B MoO;, et it Rtk S EATH 3 B I T MoO, FI(01 1) & T PSS9 AT 5 U o X bR It
RKI, 221 ) a FEdn, H MoO,(011) dh T FOAT A I 5 BE 5 55, B 26 IF . S/MoOs 1Y it & HE il B
A5 K 43 N 28 KT ) Mo O, B MoOs— AW BT AR BiA, 55 4 U i MoS,.
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Figure 3. XRD patterns of the different MoS, single crystal samples: (a) XRD patterns at different S powder qualities; (b)
XRD patterns at different MoO; powder qualities; (c) XRD patterns at different reactive temperatures

& 3. HI&AIAE MoS, H AT XRD iEE : (2) AN[E S #RFEHR) XRD iE[E; (b) A[E MoO; #RFTEH] XRD i&E;
(c) NERRLRE TH) XRD iE&[E

Kl 3b A 2 T, FEANE MoO; &M Rl & B =ANAFEFEM I XRD fiThtilk. nJ&EH, BT
MoS, [FIHFIEIE, BEE MoO, RN, = AFEM 1 XRD EliEH, 78 20=18.5°. 26.1°. 37.3°f153.3°4t,
LT MoO, ffA1(001) (011)+ (002)FI(21 1) &b [ FIRFE I (JCPDS: 76-1807), B FHBE#E [ R4 H S/MoO;
JRE LR, BRAC R SRR, AR T ) MoO, B MoOs s ANBE 78 2Bk, RN MoO, K
DRGRERESE S

Kl 3¢ A& 3 KR, 7E S/MoO; i & ELAHIE [ 2641 R, 288 MoOs Nl B S5 A1 T il 4 IO AN [RI A i
) XRD fiTsi%. RIEH, SiREN 900°CHE, RAIUEENMAIE AR MoS, 11(002). (100). (103)F1(110)
o T PRI T ST (JCPDS: 37-1492); TR EE N 920°C A1 880°C I, i r () 8% Mo, A f) 45 1 AT S f ot JiE
B BEAIK, B MoOs DX I8 S B X MoS, fn Ak KA BB . 2 S N BRI, Bk S B i 72
B8, RIEBIERH) MoS, il AEK %A, R N E I mi, FEA AR ERR, RMNYIRIZIZER
TERU S ZEI5A MoO, B MoOs_ A TR Bl A, 2318 B in 1 TP AR TE IR 22 1) Al ey AR AAE Kk, &
FNAE SR MoS, fiA i) XRD AT e Gt a5 . Kk, #&KRF. 2 MoS, iR ESEUE % 1
) a FEA IS, TR SRR A 900°C .

Figure 4. (a) Enlarged high-resolution TEM image of MoS, sample showing hexagonal lattice;
(b) the SAED pattern for the MoS, samples
4. (a) MoS, BiAMZ D TEM B A ; (b) EXEFITHSAED)R A

T A HTH ) MoS, SR RO S5 MR e AL,  FRATN B 24 P& 102 1 TP a BERIEAT
T TEM 2081, Wil 4 fion. B 4a N ap FESSIBCR @ fF TEM BlE . ATEH, SEET 2igsE Y, &
HRbRE I A% (R FE 233009 0.277 nm F 0.16 nm, 23 5% 7S A1 IE di &R MoS, FI(100)FI(110) b TH, A&
MEEFIHEFEEST . BEIEF[12] [13]; Bl 4b BoR T Hl4 0 = M T MoS, it v 113E X T 74 (SAED) A
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%, FATHBE s IS AR FRIE S, Ui MoS, dib Fr AT I B A 454, 1X 5 XRD i B 70 #2485 SR — 5.

] 5 RoR 1 RE i R S T AR I R R TR R 1R (HAADF-STEM) AV 2 (AN [A] J0 2 1 € & EDS
LS HE o Hr, 8] Sa S B RS #% 9 F A S10./Si # )i 3ES J5 1 =117 MoS, &% /v ) HAADF-STEM
JE s B Sb~c Rl 7T R Sa BES A Siv S A Mo FEICHR T & EDS MU, nEH, S Al
Mo EDS 7t 2 Wit ] HA AH [ 1 58 28 7 B] Xtk 0 B B it Jy (R A 22 1A 9 MoS,. BT Mo, il AR K
1E SiOy/Si #1)iE b, TEREMR BRI RS, (A& SiouRart, Hitk, E& EDS Wi Bt i
TR SinER. IR, E=AREARO, MTAKENIMLE, GROEK o R, Xt
— UL T XRD BT 5055 K MoO, 117 5 U6 7 AR [ SRR JH O AR K AZ 8 2 1120 B 1) Mo O, B MoOs.
A o

Figure.5. HAADF-STEM image and quantitative EDS mapping images of different elements

for the MoS, sample
[& 5. MoS, g2 T #J HAADF-STEM BRI ETE 2 HIEE EDS MU E

N T HE BRAES B Rl 10 MoS, HLih A 12 BRI E , BATH R 77 e (AFM)SHE St i AT
TIRRHT, B 6 A= MoS, i A B JE T 77 B s 50 UG AN S FE M B K 6a AT F H, AFM
TEF T HTIEMT 245 H T = AT MoS, H 4 1 IR, REER, SEOZ MRS =AM AT
—SERIEIAL . MR AT, 1% MoS, Ffh i K4 10 um, MFEIEMT, FHEOGH . M REERESRIE 6b
(R A T e FE AT 2R o] 5 H, HP A R EE 008 0.74 nm, 3X -5 SCHRIRIE 1Y Si0,/Si 4 i _E2E K 1 512 Mos,
JE R — 3 14]. TEXTAFI AR FHIEFER I AFM 208, JATRIL, 2 S/MoOs Jii & b AR JE 4%
PRI, BR T HZ ) MoS, f 4k, BRIESRIIUZE. = E AR R ZE1 MoS, & A .
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Height (nm)

Lateral distance (um)

Figure 6. (a) Atomic Force Microscope Image of monolayer MoS, sample; (b) The thickness
analysis chart for the MoS, sample
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Figure 7. (a) I~V characteristic curve of the MoS, device under different illumination conditions;
(b) I-t characteristic curve under different applied voltage(The inset shows images of the devices
and measuring instruments)
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